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An ion-trap mass spectrometer with a wave board and tandem mass spectrometry software 
was used to analyze gas chromatographically separated polycyclic aromatic hydrocarbons 
(PAHs) by using collision-induced dissociation (CID). The nonresonant (multiple collision) 
mode was used to determine the conditions for CID ionization of 18 PAHs. Unlike in electron 
impact (EI) analysis, the relative abundances of progeny ions of isomers were statistically 
different (using Student's t-test) in CID analysis, thus making isomer identification by CID 
possible. For comparison, CID and EI were applied to the analysis of used motor oil. CID 
analysis was shown to be more sensitive than EI analysis of the used motor oil. Precision at 
the 10-ppb level for EI and CID showed relative standard deviations of 5.2 and 7.7%, 
respectively. © 1997 American Society for Mass Spectrometry (J Am Soc Mass Spectrom 1997, 
8, 183-190) 
p olycyclic aromatic hydrocarbons (PAHs) are products of combustion processes involving car- 
bonaceous fuels. PAHs are found in grilled meat 
[1], tobacco smoke [2], airborne particulates [3], used 
motor [4], soil [5, 6], and are formed in practically all 
processes involving combustion of fossil fuels. Because 
of their carcinogenic properties [7-9] and ubiquitous 
nature, the U.S. Environmental Protection Agency 
(EPA) and specifically the Characterization Research 
Division in Las Vegas, NV, is interested in developing 
analytical methods for PAH determination. 
Current EPA methods for the analysis of PAHs in 
various matrices generally use liquid chromatographic 
(LC) or gas chromatographic (GC) separation. The 
methods include Methods 550, 610, 625, 8100, 8250, 
8270, and 8310. All entail a preconcentration or cleanup 
step prior to sample separation. Detection is by flame 
ionization detector, electron capture detector, ultravio- 
let detector, or mass spectrometry. 
The ion-trap mass spectrometer, a recently commer- 
cialized innovation, can identify analytes at the 
picogram level in the full-scan mode. This translates to 
method detection limits (MDLs) in the part-per-billion 
range. As a high-sensitivity detector, the ion-trap mass 
spectrometer has the potential to eliminate or reduce 
sample preparation steps that would ordinarily be 
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needed to concentrate he sample to levels that could 
be detected. For clean, simple matrices, direct injection 
of environmental samples would not require any pre- 
concentration steps or sample cleanup, would generate 
no waste solvent requiring disposal as hazardous 
waste, and would still give enough sensitivity. 
In addition, ion-trap detectors have recently been 
modified to perform tandem mass spectrometry 
(MS/MS) [10]. This capability enables the ion trap to 
isolate an ion of interest and then produce characteris- 
tic progeny ions by collision-induced dissociation (CID) 
and can distinguish unambiguously the compound of 
interest from other compounds that have parent ions 
of the same mass-to-charge ratio. The ability to trap an 
ion of interest for some period of time (MS/MS in 
time) and then remove the matrix ions from the mani- 
fold makes it possible to analyze directly for specific 
compounds in complex matrices. 
Ion-trap tandem MS/MS is achieved by first eject- 
ing the ions above and below the parent ion [11]. To 
perform collision-induced issociation of the parent 
ions, a supplemental dipole field is applied to the 
endcaps at low frequency (nonresonant excitation) or 
high frequency (resonant excitation). The well of the rf 
potential (storage potential) is displaced by application 
of a low- or high-frequency square wave, rapidly 
changing the center of the ion oscillation in the trap- 
ping field [12, 13]. As a result, the trapped precursor 
ions gain potential energy in the rf field, which is 
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transformed into translational energy of the ions. A 
portion of this kinetic energy is converted into internal 
energy of the molecules as a result of multiple colli- 
sions with helium atoms. This excitation technique 
could promote a fragmentation sequence in which the 
precursor ion fragments give first-generation product 
ions, which undergo further collisional activation giv- 
ing rise to a second generation of product ions and so 
forth. 
In nonresonant excitation, the applied low-frequency 
square wave is not matched to the oscillation fre- 
quency of the trapped ion and multiple collisions of 
fragmented ions can occur. The resulting spectra show 
more fragmentation than a resonant spectrum and are 
typically more reproducible since this method oes not 
rely on a precise matching of the applied and oscillat- 
ing frequencies. 
In resonant excitation, the applied high-frequency 
square wave matches the oscillation frequency of the 
trapped parent ion and is selective, therefore, to ions 
having a specific mass-to-charge ratio. Consequently, 
only fragmentation that results from a few collisions 
(or perhaps a single collision) can occur because the 
fragmented ion will no longer be excited. The resulting 
spectra are only from a single generation of progeny 
ions. 
Previous CID (or MS/MS) experimentation the 
ion-trap mass spectrometer has been performed, for 
example, on dimethyl phosphonate and dimethyl 
phosphite ions [14], pesticides [15], and hydrocarbons 
[16]. CID experiments on PAHs by using conventional 
tandem mass spectrometers (MS/MS in space) include 
many research efforts [17, 18]. In one CID study of 
PAHs [19], a quadrupole ion-trap mass spectrometer 
(ITMS) was used to examine the fragmentation path- 
ways of pyrene and anthracene. Because of the high 
stability of PAHs and their fragment ions, a large 
amount of internal energy was required to induce 
extensive fragmentation. Multistage resonant-excita- 
fion CID (MS") experiments [19] allowed for unam- 
biguous elucidation of the fragmentation pathways of 
these two PAHs. The study concentrated on assessing 
the degree to which the MS"-capabilities of the ion-trap 
mass spectrometer allowed high internal energy depo- 
sition, and emphasized that high internal energy depo- 
sitions were important in obtaining information about 
molecular structures of biological compounds of high 
molecular weight. 
In the present work, the emphasis is put on nonres- 
onant -exc i ta t ion  MS 2 experiments, involving 18 PAHs, 
performed using a Saturn HI ion-trap mass spectrome- 
ter. The nonresonant-excitafion CID spectra of pyrene 
are compared with the MS 2 spectra obtained by using 
the resonant-excitation mode, with the ITMS resonant- 
excitation [19] MS" spectra, and with the CID spec- 
trum of pyrene obtained by using a triple scan 
quadrupole (TSQ) instrument. The nonresonant MS 2 
experiments are evaluated as an analytical tool that 
could be utilized for discrimination of isomeric PAHs. 
The second part of this work presents an application of 
the nonresonant-excitation CID experiments to real 
samples and describes determination f PAHs in used 
motor oil. 
Experimental 
Mass Spectrometer 
CID and EI were performed on a Varian (Walnut 
Creek, CA) Satum III ion-trap mass spectrometer 
equipped with a waveboard and MS/MS software. 
Both electron impact (EI) and CID were run with 
emission current at 80 /zA, automatic gain control 
(AGC) prescan ionization time at 1500 /~s, and mani- 
fold temperature at 250°C. The multiplier voltage for 
EI was 2100 V (105 gain) and the AGC target was 
30,000 counts. For CID, the settings were 2250 V and 
15,000 counts. For EI analysis of the used oil samples, 
Table 1. CID nonresonant  spectra condit ions 
Segment t ime Range a r f  b Ex t ime c Energy d 
Window (min) CID ion e (V) (dacs) (ms) (V) 
1 0 -11 .0  128 88 -92  500 25 89.5 
2 11 .0 -15 .5  152 -154  83 -88  450 25 85 
3 15.5 -18 .0  1 66 82 -87  450 25 85 
4 18.0 -21 .0  1 78 76 -80  450 25 77.5 
5 21.0 -24 .25  202 75 -79  450 25 77 
6 f 24.25 -25.0 El . . . .  
7 25.0 -29.0 228 66 -70 450 25 68.5 
8 29.0 -33.0 252 88 -92 550 50 90 
9 33.0 -36 .0  276 -278  94 -98  575 50 95 
a Range = energy range used to generate energy curves; 
b rf = radiofrequency voltage for ion storage; dacs = digital to analog conversion 
¢ Ex time = ion collision excitation time; 
d Energy = voltage used for quantitation. 
e CID ion = CID precursor ion or precursor ion range; 
r Window 6 = El mode for internal standard; see Experimental. 
units; 
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the mass spectrometer was scanned from 50 to 300 in 
0.6 s with a mass defect of 50 mu per 100 u. The CID 
conditions for the nine windows are given in Table 1 
except for window 6, which contained the internal 
standard and was scanned in the EI mode for 0.75 min 
from 50 to 250 u in 0.6 s. 
Triple-Stage Quadrupole Mass Spectrometer 
A Finnigan MAT (San Jose, CA) TSQ 700 mass spec- 
trometer was used to measure the gas chromatogra- 
phy-tandem mass spectrometry (GS-MS/MS) spectra 
of pyrene. The precursor ion was set to m/z 202 (Q1), 
the argon collision gas pressure was 0.5 mtorr (Q2), 
and the scan range was 25-205 u in 0.5 s with a 
collision energy of 100 eV (Q3). 
Gas Chromatograph 
A 30-m × 0.25-ram-i.d. fused-silica capillary column 
(J & W Scientific, Folsom, CA) with 0.25-/~m film thick- 
ness of bonded 5% phenyl-95% dimethyl polysiloxane 
was used to separate the PAils for subsequent mass- 
spectral detection. The Varian model 3400 gas chro- 
matograph equipped with a model 8200 autosampler 
was initially held at 60°C for 2 min, then temperature 
programmed at 8°C/min to 324°C and held for 1 min. 
A 0.5-/.LL portion of a standard solution of sample was 
injected into a septum-programmable inj ctor that was 
initially held for 30 s at 60°C and then ramped at 
240°C/min to 300°C and held for 33 min. 
Standards and Samples 
A Supelco (Bellefonte, PA) certified stock solution con- 
taining 16 PAHs in hexane at 2000 /~g/mL was 
diluted with exane to appropriate levels in a 2-mL 
autosampler vial for gas chromatography-electron im- 
pact-mass pectrometry (GC-EI/MS) and GC-MS/MS 
analysis. Benzo(e)pyrene and p-terphenyl-d14 were 
purchased as single compounds from Aldrich Chemi- 
cal Co. (Milwaukee, WI). Benzo(b)fluoranthene, 
benzo(k)fluoranthene, and benzo(j)fluoranthene w re 
purchased as 50-/.~g/mL solutions in toluene from 
AccuStandard, Inc. (New Haven, CT). The motor oil 
used for PAH spiking was Havoline TM 10W-40. The 
used motor oil was obtained from a commercial source 
that specializes in automotive oil changes. All PAH 
measurements were performed at the 500-pg//~L level 
on the 16 PAH mixture except as otherwise noted in 
the tables. 
Quantitation 
All quantitation was performed by the method of 
internal standardization by using p-terphenyl-d14 at
the 5-ng//.~L level as the internal standard. The quanti- 
tation ions for CID are shown in Table 2, and the 
quantitation ions for GC-EI/MS were the molecular 
ions (M+'). The EI and CID response curves used for 
quantitation of the oil samples were generated from 
single standards at 10 concentrations ranging from 10 
pg//.~L to 10 ng//~L (in hexane). In all cases, the 
internal standard segment was scanned in the EI mode. 
The EI and CID response curves for the PAHs were 
linear (correlation coefficients > 0.97 for EI and > 0.98 
for CID). 
Results and Discussion 
Figures 1 and 2, respectively, show the ion abundance 
curves for the isomers of MW 202 fluoranthene (Figure 
la) and pyrene (Figure lb), and the isomers of MW 228 
benz(a)anthracene (Figure 2a) and chrysene (Figure 
2b). The curves were determined after some initial 
experimentation with the various ion-trap CID mass 
spectrometry conditions. Three considerations were 
used to choose the optimal CID conditions: (1) the 
resulting spectra must still contain the molecular ion, 
(2) the energy used must be in a region of relative 
stability (e.g., a slight change in energy does not result 
in a large change in relative abundance of the fragment 
ions used for quantitation), and (3) the response (total 
signal/unit mass) must not have eroded significantly 
relative to the point (collision energy) at which frag- 
mentation first occurs. The resulting CID nonresonant, 
resonant, and TSQ CID spectra of pyrene are shown in 
Figure 3a-c, respectively. (In initial experimentation, 
the nonresonant spectrum was found to give the higher 
response, so resonant analysis was not extensively 
pursued.) The ranges of energies used to generate the 
breakdown curves were selected to bracket he chosen 
conditions. In like manner, breakdown curves were 
determined for all PAHs in the study. The conditions 
used to collect the PAH breakdown curves, including 
quantitation ion, retention time, dissociation energy, 
storage voltage, excitation time, and CID ion (or ion 
range) are shown in Tables 1 and 2. 
To determine the average abundances of the ions in 
each PAH CID spectrum, the compounds were run 
five times (sequentially) and the average abundance of 
each ion was determined. The spectra typically exhib- 
ited good reproducibility (Table 2). Higher values of 
relative uncertainty were commonly associated with 
the ions of very low relative abundance (this was 
evident for the m/z 120 ions of acenaphthylene and 
acenaphthene and the m/z 122 ions of phenanthrene 
and anthracene). 
The PAH isomers of MW 252 vary greatly in their 
carcinogenic potential [20]. These PAHs are notable 
because they include benzo(a)pyrene, a potent human 
carcinogen [7], as well as relatively noncarcinogenic 
isomers benzo(e)pyrene and benzo(k)fluoranthene. All 
five isomers elute within 1 min of each other (see 
retention times in Table 2) and EI spectra lone cannot 
be used to distinguish them. The CID spectra for each 
of the five PAH isomers of MW 252 can be shown to 
be significantly different from each other by using 
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Table 2. Abundances  and short-term precision of major CID ions 
Retention l o -  Retention 1 
Compound time Window ions b Average a (%) Compound time Window ions b Average a (%) 
Naphthalene 9.56 1 1 02 30.0 0.83 Chrysene 27.78 7 202 22.0 0.52 
126 14.3 0.37 226 100.0 
128 100.0 228 36.6 1.24 
Acenaphthylene 14.35 2 98 57.4 0.80 Benzo(b)fluoranthene c 30.86 8 226  20.2 0.32 
120 1.0 0.86 248 15.8 5.76 
122 100.0 249 19.8 3,29 
152 8.6 0.51 250 100.0 
Acenaphthene 14.90 2 98 57.1 0.41 252 9.0 0.34 
120 0.8 0.15 Benzo(j)fluoranthene c 30.86 8 226 16.8 0.17 
122 100.0 248 19.9 6.32 
150 15.0 0.37 249 20.7 4.17 
154 1.9 0.49 250 100.0 
Fluorene 16.52 3 86 87.3 1.13 252 12.7 0.40 
1 1 0 100.0 Benzo(k)fluoranthene c 30.99 8 226 18.4 0.40 
132 12.4 0.60 248 8.6 3.60 
161 12.2 0.77 249 17.1 1.74 
163 10.1 0.48 250 100.0 
166 0.0 252 46.2 0.40 
Phenanthrene 19.47 4 122 0.4 0.27 Benzo(e)pyrene c 31.52 8 226 11.5 0.44 
150 25.8 0.67 248 2.4 0.19 
152 100.0 249 19.1 0.84 
176 43.1 0.64 250 100.0 
178 2.9 0.51 252 13.3 0.64 
Anthracene 19.64 4 122 0.1 0.17 Benzo(a)pyrene 31.73 8 226 28.9 0.77 
150 24.8 0.82 248 12.6 0.94 
152 100.0 249 8.9 1.17 
176 55.1 0.71 259 100.0 
178 7.2 0.57 252 21.6 0.58 
Fluoranthene 23.18 5 122 14.7 0.36 Indeno(1,2, 3-cd)pyrene c 34.43 9 246 12.9 0.72 
174 35.4 0.88 248 38.2 0.86 
198 100.0 272 80.5 1.76 
200 92.4 1.73 274 100.0 
202 20.0 0.57 276 32.1 0.84 
Pyrene 23.85 5 122 11.7 0.37 Dibenz(a, h)anthracene 34.56 9 248 100.0 
174 29.8 0.88 260 62.2 2.71 
198 89.4 1.35 272 62.9 2.71 
200 100.0 274 40.2 2.76 
202 33.3 0.90 276 8.1 1.73 
p-Terphenyl d 24.6 6 - -  - -  - -  278 0.0 
- -  - -  - -  Benzo(g, h, i)perylene 35.07 9 246 76.4 5.98 
Benz(a)anthracene 27.69 7 202 11.8 0.33 248 100.0 
226 62.3 1.41 272 95.6 6.72 
228 100.0 274 54.2 2.98 
276 16.4 2.37 
aAverage = average abundance relative to base peak (five replicate injections). 
bBold and italic numbers in this column are quantitation ions and molecular weights, respectively. 
Clnjection of single component at 2-ng/p,L level (all other measurements at 500 pg//~L). 
dp-Terphenyl is the internal standard; see Experimental. 
J Am Soc Mass Spectrom 1997, 8, 183-190 ANALYSIS OF PAILS BY ION TRAP MS / MS 187 
5000 
4000 
3000 
0 
u 2000 
1000 
0 
5000 
(a) 
(b) 
4000 
~ 3000 
0 
o 2000 
1000 
0 
75 76 77 78 79 
excitation voltage 
o m/z 122 1 m/z 174 ~-m/z 198 -~ m/z 200 ~ m/z 202 
Figure 1. Ion abundance versus energy curves for fluoranthene 
(a) and pyrene (b). 
Student's t-test. By using just the molecular ion abun- 
dances of 226 relative to 250, the base peak, each 
combination of two PAHs has a much less than 0.01% 
probability of being from the same population (i.e., 
they are statistically significantly different). Therefore 
CID spectra of all the isomers of MW 252 are unique 
and isomer differentiation is possible (at least at > 
500-ppb level). The significantly different CID spectra 
of each isomer add more certainty to their identifica- 
tion (since they have similar retention times) and 
therefore to the evaluation of a sample's potential to 
cause cancer. 
The nonresonant-excitation ion-trap MS 2 spectra of 
the 18 PAHs displayed relatively high abundances of 
the product ions in the lower range of the mass-to- 
charge ratio scale. This is illustrated by the comparison 
of the resonant (Figure 3b) with the nonresonant-exci- 
tation (Figure 3a) CID spectrum of pyrene. Under the 
resonant-excitation condition, the rn/z 202 molecular 
ion of pyrene fragmented to give rise to only three 
groups of product ions at m/z 199, 174, and 150. A 
similar fragmentation pattern was reported by Nourse 
et al. [19] for the ITMS MS 2 resonant-excitation spec- 
trum of pyrene. Similarly, a triple quadrupole (TSQ) 
100-eV CID spectrum of the molecular ion of pyrene 
exhibited a base peak at rn/z 202, three peaks of 
moderate abundances at m/z 199, 200, and 201 (formed 
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~ 4000 
3000 
2000 
1000 
0 
6000 
i l i I ' I J 
5000 t 
4000 
o 3000 
2000 
1000 
0 L I J 
66 67 68 69 70 
excitation voltage 
-~ m/z 202 ~- m/z 226 4 m/z 228 
Figure 2. Ion abundance versus energy curves for benzo(a)an- 
thracene (a) and chrysene (b). 
from the molecular ion in a process of sequential 
hydrogen loss), and two groups of peaks of low abun- 
dance at m/z 174-176 and 150-152 (Figure 3c). These 
results are in contrast to the nonresonant-excitation 
CID spectrum of pyrene that demonstrated abundant 
product ions at m/z 98, 122, 123, 146, 150, 170, 171, 
174, 197, 198, 199, and 200. These ions were also 
observed in the resonant-excitation MS" spectra at 
different stages of excitation [19]. Thus, in the reso- 
nant-excitation (MS)" (n = 1-10) experiments per- 
formed on the prototype ITMS instrument, ions of m/z 
200 were produced at MS 2 (precursor ion, 202), addi- 
tional ions at m/z 150, 174, 198, and 199 at MS 4 
(precursor ion, 200), m/z 98 and 122 at MS s (precursor 
ion, 199), m/z 123 at MS 6 (precursor ion, 198), rn/z 
171 at MS 7 (precursor ion, 197), and m/z 146 and 170 
at MS s (precursor ion, 196) stage of the experiment 
[19]. It is apparent hat most of the product ions 
formed in this sequential experiment arose from high- 
energy fragmentation processes. All ions resulting from 
the nonresonant-excitation MS 2 activation were ob- 
served in the resonant-excitation ITMS (MS)" experi- 
ments. This phenomenon could be explained by a 
nonselective excitation of all of the ionic species gener- 
ated from a molecular ion taking place in a nonreso- 
nant scan. 
188 PYLE  ET  AL .  J Am Soc  Mass  Spect rom 1997,  8 ,  183-190 
lfll 
lOgx  
IN1 
INT 
Pt'RD~ I~ 282 
NOH~HT CZD 
(a) 
174 Z22 
[ I l"m 
98 146 
• . 158 
~.~ ~-~ II ii IsiB . II II 
I " '  . i  .. "1 ' " '  i . .  "1"  " l " " l ' ' "  ~.... I ' " '  i . . . . | . . . . i . . . . i . . . . i . . . . i  . . . . ,  .. " '1"  "" , "  " ' l " "  i . . . .  p . . .  i . . . . l '  . . . i . . . .~ 
9a  188 118 12B 138 14B 1S8 1~8 1711 188 198 ;~8 Z lO  
199 
too , , ,  c,D (b) 
I.'P5 Q 25 IISEC 
174 
158 
123 I 1B7 
. . . .  i , , , ,  i . , [ , i , , , , i , , , , i , , ,  , i , , . ,  I . . . . . .  i , , , , i , , , , i , , , , i . , , .  I 1,, i . . , , i ,1 ,  : i , , , ,  i , , , ,  i ,  ~,, i . . . .  
11B 1ZB 1318 148 IS0  1/=8 178 188 196 ~ Z18 
TSq 
ZOO I 
1S0 ~ 175 198 7 
. . . . . . .  . . . . . . .  . . . . . . .  , .  . . . . . .  
Figure 3. Ion-trap nonresonant (a) and resonant (b) spectra of 
pyrene and TSQ 700 spectra of pyrene (¢). 
The nonresonant-excitation ion abundance curves 
obtained for the isomeric PAHs are in agreement with 
current theory regarding structure and spectra. For 
example, the molecular ion of fluoranthene lost two 
hydrogen atoms more easily than did that of pyrene; 
that is, the abundance of the [M - 2] + ion was greater, 
with respect o the abundance of the molecular ion, in 
the CID spectrum of fluoranthene than in the spectrum 
of pyrene (Figure 1). The magnitude difference be- 
tween the abundances of the m/z 202 and 200 ions 
was greatest for the excitation voltage of 76 V. The 
breakdown curves describing fragmentation f the pair 
of isomers of benz(a)anthracene and chrysene xhib- 
ited a similar difference, and the expulsion of two 
hydrogen atoms from chrysene was found to be much 
more facile (Figure 2). This result supported the theory 
according to which the extent of expulsion of two 
hydrogens from molecular ions of isomeric PAHs cor- 
responded to the number of ortho-hydrogen i terac- 
tions (neighboring hydrogen atoms) per molecular ion 
species [21]. Accordingly, there are six such interac- 
tions in pyrene and seven in fluoranthene. In the other 
pair of isomers, chrysene has eight ortho-hydrogen 
interactions, whereas benz(a)anthracene has only 
seven. 
A sample of used motor oil was analyzed to deter- 
mine the applicability of CID analysis to a real sample. 
After some initial experimentation with spiked unused 
oil to determine an appropriate dilution level, the used 
oil was diluted to 0.25% v /v  with isooctane for direct 
injection (without sample pretreatment) into the ion- 
trap GC mass spectrometer. Figure 4 shows the com- 
parison of the full-scan EI analysis (Figure 4a) with the 
CID analysis (Figure 4b) of the same sample. The 
diamonds at the bottom of Figure 4b denote the vari- 
ous CID windows starting with window 4 for phenan- 
threne and anthracene and ending with window 9 
for indeno(1, 2, 3-cd)perylene, dibenz(a, h)anthracene, 
and benzo(g, h, i)perylene (see Table 2). Window 6 is 
an EI segment for the internal standard. Note that the 
GC-MS/MS chromatogram (Figure 4b) is much sim- 
pler than the GC-EI/MS (Figure 4a) chromatogram 
because, in each segment, only progeny ions of the 
108",~ 
TOT 
l - -  (a) F 
1.$.  
• ~e " 24'oo " ~ ' 3~ . . . .  
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Figure 4. EI analysis (a) versus CID analysis (b) of used motor 
oil. I.S. = internal standard. 
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precursor ion for the target analytes were scanned. A 
closer look at the chromatograms (total ion chro- 
matogram in upper and selected ion chromatogram in 
lower) shows that at these levels, the CID analysis 
(Figure 5b) can better distinguish the benzo(b or 
j)fluoranthene (co-eluting peaks at 1), benzo(e)pyrene 
(peak 2), and benzo(a)pyrene (peak 3) isomers from 
matrix background than can the EI analysis (Figure 
5a). Due to the lack of a recognizable GC peak or 
searchable spectrum, the EI analysis must report that 
these isomers were not detected. Also, the MS/MS 
analysis allows for the added qualitative confirmation 
of the isomers based on the product ion abundances. 
Figure 6 compares the relative abundances of several 
standards of the MW 252 isomers (designated at Std) 
to the tentatively identified compounds (designated as 
Unk) that were found in the used motor oil. It can be 
seen that each Unk is similar to its Std and signifi- 
cantly dissimilar to the other 252 isomers. 
The quantitative result of EI and MS/MS analyses 
and, for comparison, the results from a more exhaus- 
tive study [22] (LC/UV separation and quantitation) 
are shown in Table 3. Also shown are the method 
detection limits (MDLs) determined in hexane for EI 
and CID by using U.S. EPA protocol [23]. (Note that 
96x 
.8 
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Figure 5. Total and selected ion chromatograms f EI at m/z 
252 (a) and CID at m/z 226 (b) analysis of used motor oil. 1 
denotes benzo(b, j)fluoranthene, 2 denotes benzo(e)pyrene and 3 
denotes benzo(a)pyrene. 
I 
0.8 
o u ~°. 
02 
0 1 I I I [ I 
S~ B(b)F S~ B~)F  Unk B(b,J3F Unk B(e)p S~l B(u)p 
Figure 6. Comparison of ion abundances of used oil versus 
standards. Std. B(b)F = standard of benzo(b)fluoranthene; Std 
B(j)F = standard of benzo(j)fluoranthene; Unk B(b,j)F = 
tentatively identified as benzo(b and j)fluoranthene; Std B(e)P = 
standard of benzo(e)pyrene; Unk B(e)P = tentatively identified 
as benzo(e)pyrene; Std B(a)P = standard of benzo(a)pyrene; Unk 
B(a)P = tentatively identified as benzo(a)pyrene; see Discussion. 
these MDLs are for method validation only and do not 
take sample matrix interference into account.) 
There were three separate data collection periods 
during the course of this research: the initial collection 
of the energy curves (Figure 1), followed 90 days later 
by the replicate injections to determine the degree of 
uncertainty (Table 2), and, finally, 7 months later, by 
the used motor oil analysis (Figure 6). It became appar- 
ent that over time (which included an ion-trap clean- 
ing just after the replicate injections data were col- 
lected), the CID relative abundances (%RA) changed. 
For example, the m/z 248 for benzo(a)pyrene (B(a)P] 
changed from 27.0 to 12.6 to 54.6%. The B(a)P ions of 
226, 249, and 252 changed as well as the %RA of the 
ions of the other PAHs. The manufacturer was con- 
sulted about this anomaly and reported that this effect 
was not seen in any other beta-test-site laboratories or 
in their experience. This endeavor has established that 
short-term reproducibility (daily precision) is adequate 
to add more certainty to PAH isomer identification. 
Conc lus ions  
Over the 10-month data collection period of this re- 
search, it was found that the relative abundances of 
the CID ions varied. More investigation is warranted 
to determine the reason for these changes. However, 
the intent of this work was threefold: (1) to establish 
the conditions needed to perform ion-trap MS/MS on 
PAHs, (2) to demonstrate he ability of the ion trap to 
produce unique spectra for isomeric PAHs, and (3) to 
show a practical application of ion-trap MS/MS. These 
objectives were accomplished. A comprehensive stabil- 
ity study must be undertaken to determine and/or  
improve the long-term precision of this new technique. 
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Table 3. Analysis of used motor oil and method of detection limits (MDLs) 8 
El CID LC/UV b El MDL CID MDL 
Compound (/~g/mL) (/~g/mL) (/~g/mL) (ng/mL) (ng/mL) 
p-Terphenyl-dl 4 5.0 5.0 - -  - -  - -  
Naphthalenes 382.5 597.6 217 1.32 3 .10  
Acenaphthylene 3.2 4.7 1 3.29 3.94 
Acenaphthene 8.1 21.8 6 2.23 2.15 
Fluorene 17.1 26.9 21 2.21 1.53 
Phenanthrene 56.3 75.2 85 1.86 9.41 
Anthracene 9.3 17.1 10 2.33 1.96 
Fluoranthene 12.7 12.7 354 0.92 4.12 
Pyrene 28.8 51.2 384 1.52 3.75 
Benz(a)anthracene 14.2 8.0 62 1.87 3.09 
Chrysene 12.9 6.3 n.d. a 2.81 2.70 
Benzo(b)fluoranthene n.d. 3.1 9 5.12 5.27 
Benzo(k)fluoranthene n.d. n.d. 6 2.21 2.53 
Benzo(a)pyrene n.d. 2.8 11 1.11 1.32 
Indeno(1,2, 3-cd)perylene n.d. n.d. 3 5.96 9.37 
Dibenz(a, h)anthracene n.d. n.d. 8 7.99 8.89 
Benzo(g, h, i)perylene n.d. n.d. 23 3.13 8.14 
e n.d.= not detected 
b Ref. 20. 
Acknowledgments 
This research was funded by the U.S. Environmental Protection 
Agency (EPA), through its Office of Research and Development 
(ORD), which partially funded and collaborated in the research 
described here. It has been subjected to the Agency's peer review 
and has been approved as an EPA publication. Neither the EPA 
nor the ORD endorses or recommends any trade name or com- 
mercial product mentioned in this article; they are mentioned 
solely for the purpose of description or clarification. 
References 
1. Greenburg, A; Hsu, C. H.; Rothman, N.; Strickland, P. T. 
Polycyclic Aromatic Compounds 1993, 3, 101-110. 
2. Van Duuren, B. L.; Goldschmidt, B. M. J. Nat. Cancer Inst. 
1976, 56, 1237-1242. 
3. Sakuna, T.; Davidson, W. R.; Lane, D. A.; Thomson, B. A.; 
Fulford, J. E.; Quan, E. S. In Chemical Analysis and Biological 
Fate: Polynuclear Aromatic Hydrocarbons. 5th International Sym- 
posium; Cooke, M.; Dennis, A. J., Eds.; Battelle Press; Colum- 
bus, OH, 1981; 197. 
4. Agarwal, R.; Kumar, S.; Mehrotra, N. K. J. Chromatogr. Sci. 
1986, 24, 289-292. 
5. Nondek, L.; Kuzilek, M.; Krupicka, S. Chromatographia 1993, 
37, 381-386. 
6. Pace, C. M.; Betowski, L. D. Measurement of High-Molecular 
Weight PAHs in Soils by Particle Beam HPLC/MS; Report 
EPA/600/R-94/073; U.S. EPA 1994. 
7. Cottini, G. B.; Mazzone, G. B. Am. J. Cancer 1939, 37, 186-195. 
8. Bingham, E.; Falk, H. L. Arch. Environ. Health 1969, 19, 
779-783. 
9. Soileau, S. D. Carcinogen-DNA dducts; Report EPA/600/4- 
87/005; U.S. EPA 1987. 
10. Wang, M.; Schachterle, S.; Wells, G. ]. Am. Soc. Mass Spec- 
from. 1996, 7, 668-676. 
11. Saturn GC/MS Operator's Manual; Varian Associates, Inc.: 
Walnut Creek, CA, 1995. 
12. Schachterle, S. Proceedings of the 42nd ASMS Conference on 
Mass Spectrometry and Allied Topics; Chicago, IL, May 29-June 
3, 1994; Abstract 714. 
13. Schachterle, S. Proceedings of the 42nd ASMS Conference on 
Mass Spectrometry and Allied Topics; Chicago, IL, May 29-June 
3, 1994; Abstract 1125. 
14. Brodbelt, J. S.; Kentt~imaa, H. I.; Cooks, R. G. Org. Mass. 
Spectrom. 1988, 23, 6-9. 
15. Schachterle, S.; Brittain, R. D. Proceedings of the 41st ASMS 
Conference on Mass Spectrometry and Allied Topics; San Fran- 
cisco, CA, May 30-June 4, 1993; WP-108. 
16. Brittain, R. D.; Speltz, D.; Bolton, B. Effects of Ion Trap 
Parameters on Mass Axis Stability: Influence of Manifold 
Temperature, Pressure and Axial Modulation Voltage on 
Mass Spectra of Hydrocarbons; Varian Technical Note; Var- 
ian Associates, Walnut Creek, CA. 
17. Pachuta, S. J.; Kentt~imaa, H. I.; Sack, T. M.; Cerny, R. L.; 
Tomer, K. B.; Gross, M. L.; Pachuta, R. R.; Cooks, R. G. J. Am. 
Chem. Soc. 1988, 110, 65. 
18. Natalis, P.; Franklin, J. L. J. Phys. Chem. 1965, 69, 2935. 
19. Nourse, B. D.; Cox, K. A.; Morand, K. L.; Cooks, R. G. J. Am. 
Chem. Soc. 1992, 114, 2010-2016. 
20. Biological Effects of Atmospheric Pollutants, Particulate Polycyclic 
Organic Matter; National Academy of Sciences: Washington, 
DC, 1972; 6-12. 
21. Shushan, B. I. Polynuclear Aromatic Hydrocarbons 1983, 
1099-1111. 
22. Brinkman, D. W.; Dicksor~, J. R. Environ. Sci. Technol. 1995, 
29, 81-86. 
23. 40 Code, Federal Register; U.S. Government Printing Office: 
Washington, DC, 1988; pp. 510-512. 
